ABSTRACT A hypothesis was verified that dietary methionine (Met) improves the growth and antioxidant status of turkeys, and that its effects depend on dietary inclusion levels and sources. A total of 816 female Hybrid Converter turkeys was fed wheat-soybean mealbased diets supplemented with 3 sources of Met: DL-, L-isomers and DL-hydroxy analog (DLM, LM, and MHA, respectively). In 4 4-week periods (from one to 16 wk of age), dietary Met content corresponded to NRC (1994) recommendations or was increased by approximately 50% (in one to 8 wk by 44 to 46% and in 9 to 16 wk by 55 to 56% vs. the NRC guidelines) to match the recommendations of some breeding companies. Increased Met content resulted in higher final body weights of turkeys (P = 0.002), an improved feed conversion ratio (P = 0.049), increased total glutathione concentration and ferric reducing ability of plasma (FRAP) values, and decreased malondialdehyde (MDA) concentration (all P < 0.001) in the blood plasma of turkeys. In comparison with DLM, LM and MHA contributed to an increase in plasma glutathione concentration (P = 0.001), a decrease in plasma triacylglycerol (P = 0.003) and uric acid (P = 0.001) concentrations, and a decrease in liver MDA (P = 0.001) levels. A decrease in plasma MDA (vs. DLM) and lipid peroxides (LOOH) (vs. DLM and LM) concentrations as well as a decrease in plasma superoxide dismutase (SOD) activity (vs. DLM and LM) also were noted in the MHA treatment (P = 0.016, P = 0.001 and P = 0.011, respectively). In conclusion, the results of the study indicate that the antioxidant status of turkeys could be affected by dietary Met levels and sources. The dietary Met content increased by 50% relative to NRC recommendations, improved the growth performance of turkeys, and strengthened their antioxidant defense system. In comparison with DLM, LM and MHA could be considered positive nutritional factors as manifested by a beneficial decrease in plasma and hepatic MDA concentrations as well as an increase in plasma glutathione levels, and the effect of MHA was more pronounced.
INTRODUCTION
In order to increase efficiency in poultry production, including turkey meat production, the dietary levels of essential amino acids (AA) have to be adjusted to the nutritional requirements of fast-growing birds. Sulfur-containing AA, in particular methionine (Met), have a direct influence on the growth rate of young turkeys. Therefore, dietary Met concentrations should be gradually adjusted to the genetic potential of turkeys, changes in the feeding system, and feed base for poultry production (Waibel et al., 2000; Hoehler et al., 2005; Lemme et al., 2005) .
Methionine serves as a methyl group donor for the methylation reaction and a precursor of important intermediates for metabolic pathways: S-adenosylmethionine, glutathione, and taurine (Vázquez-Anon et al., 2006) . The latter 2 compounds have antioxidant properties and reduce oxidative damage caused by reactive oxygen species to lipids, protein, and DNA (Fang et al., 2010) . For this reason, Met plays a key role in different metabolic processes important for the health status of growing animals, including immune stimulatory and antioxidant effects (Shen et al., 2014) . Methionine is involved in the synthesis of immune system proteins (Fang et al., 2010) , and plays an important role in lipid metabolism and reduction of oxidative stress in bodily tissues (Castellano et al., 2015) .
Typical wheat-soybean meal-based turkey diets for the first phase of feeding, not supplemented with pure 3229 AA, contain 0.3 to 0.4% Met (Kubińska et al., 2016; Jankowski et al., 2016a Jankowski et al., , 2016b , i.e., much less than the value recommended by NRC (1994) and turkey breeding companies (Hybrid Turkeys, 2013) . For many decades, Met deficiency in feed raw materials has been compensated for by supplementing diets with feedgrade Met, mostly synthetic DL-methionine (DLM) (Willke, 2014) or DL-2-hydroxy-4-(methyl) butanoic acid (DL-HMBA or MHA). Both additional sources of Met must be converted into L-methionine (LM) prior to protein synthesis. This process is determined by the activity of the enzyme D-AA oxidase, synthesized in the livers and kidneys of birds (Baker, 2006 ). An alternative solution is to supplement diets with LM, which has been investigated in recent years (Shen et al., 2015; Kong et al., 2016) .
In regard to the bird's requirements for optimum growth, DLM is nearly 100% as efficacious as LM (Dilger and Baker, 2007; Shen et al., 2015) . The relative bioefficacy of MHA, compared with DLM, has been estimated at 65% weight/weight (Hoehler et al., 2005) . According to Vázquez-Aňon et al. (2006) , both Met sources have a different dose-response form; therefore MHA could outperform DLM at commercial levels, and DLM could outperform MHA at deficient levels. A meta-analysis of published research findings (Sauer et al., 2008) showed that taking into account an equimolar basis of Met sources, the relative biological efficiencies of MHA were 81 and 79% of the values for DLM for average daily gain and feed efficiency ratio, respectively.
Some experiments performed on broiler chickens show that that their immune system is stimulated if dietary Met levels exceed those recommended to meet their growth needs (Bouyeh, 2012) . According to some authors Willemsen et al., 2011) , broiler chickens fed MHA-supplemented diets, compared with DLM, have a better antioxidant status reflected in a lower rate of lipid peroxidation, probably due to higher hepatic concentrations of total and reduced glutathione. Similar studies in growing turkeys are scarce, and their results are inconclusive (Kubińska et al., , 2015 (Kubińska et al., , 2016 Jankowski et al., 2016a) .
The objective of this study was to verify the hypothesis that the growth performance and antioxidant effects of Met in growing turkeys depend on the dietary levels and sources of this amino acid. In order to verify this hypothesis, we compared the metabolic responses of growing turkeys fed diets containing 3 sources of Met (DLM, LM, and MHA) at 2 inclusion levels: recommended by NRC (1994) and approximately 50% higher than that recommended by NRC.
MATERIALS AND METHODS

Birds, Management, and Diets
The animal protocol used in this study was approved by the Local Ethics Committee (Olsztyn, Poland), and the study was carried out in accordance with EU Directive 2010/63/EU (OJEU, 2010) on the protection of animals used for scientific purposes. The birds were kept in pens on litter in a building with a controlled environment, and they had free access to feed and water. The temperature and lighting programs were consistent with the recommendations of Hybrid Turkeys (2013).
The study was conducted on 816 day-old female Hybrid Converter turkey poults obtained from the Grelavi commercial hatchery in Ketrzyn (Poland). The birds were assigned to 6 dietary treatments (with 8 replications per group and 17 birds per replication), which differed in Met supplementation levels. The dietary Met content consistent with the recommendations of NRC (1994) was regarded as "low" (L), and the dietary Met content increased by approximately 40% to match the intake recommended by some breeding companies was regarded as "high" (H). Table 1 presents the composition of basal diets prepared in successive 4-week periods. Each batch was divided into 6 parts and thoroughly mixed with one of the supplemental Met sources: DLM, LM (Evonik Industries, Krefeld, Germany), or MHA (calcium salt of 2-hydroxy-4-(methyl) butanoic acid, Novus International, Inc., St. Lois, MO). The amount of supplemental Met and the total Met content of experimental diets, determined analytically, are given in Table 2 .
Growth Trial and Sample Collection
Daily feed intake (DFI), body weight gains (BWG), and feed conversion ratio (FCR) were determined in consecutive 4-week periods. A pen of 17 birds was considered as an experimental unit. Biochemical, antioxidant, and immunological parameters were determined in blood and liver samples collected from 8 16-week-old birds per treatment (representing average BW ± 15% per pen). Blood samples were collected from the wing vein intravitally. Selected birds were sacrificed by cervical dislocation.
Biochemical Analysis
The Met content of experimental diets was analyzed by ultra-performance liquid chromatography with UV detection (UPLC-UV), and MHA content was determined by high-performance liquid chromatography with fluorescence detection (HPLC-FLD). The analyses were performed in the National Laboratory for Feedingstuffs in Lublin (Poland).
Immediately after collection, blood samples were aliquoted into test tubes containing heparin as an anticoagulant. The samples were centrifuged for 15 min at 380 g and 4
• C, and the obtained plasma was stored at −20
• C until analysis. The concentrations of glucose (GLU), triacylglycerols (TAG), total cholesterol (TC) and its fractions (HDL-C, LDL-C), uric acid (UC), total protein (TP), albumin (ALB), and creatinine (CREAT), and the activity of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), lactate dehydrogenase (LDH), and gamma-glutamyl transferase (GGT) were measured in the blood plasma of turkeys using an automatic biochemical analyzer (Plasma Diagnostic Instruments Horiba, Kyoto, Japan).
The following indicators of the redox status were determined in blood plasma: the concentrations of lipid peroxides (LOOH) -according to Sodergren et al. (1998) , malondialdehyde (MDA) -according to Salih et al. (1987) , total glutathione (GSH+GSSG) -according to Akerboom and Sies (1981) and vitamin C (Vit C) -according to Omaye et al. (1979) , and total antioxidant capacity (ferric reducing ability of plasma, FRAP) -according to Benzie and Strain (1996) . The activities of catalase (CAT) -according to Aebi (1984) , superoxide dismutase (SOD), and glutathione peroxidase (GPx) were determined in erythrocyte hemolyzates using Ransel and Ransod diagnostic kits (Randox Laboratories, Crumlin, UK). SOD and CAT activities, and the concentrations of LOOH, MDA, and GSH+GSSG were determined in small intestinal and liver homogenates, as described above.
The immune responses of turkeys were determined based on the plasma levels of immunoglobulin A (IgA) and interleukin 6 (IL-6) using the Bigenet UMV340 blood cell reader and kits for determining IL-6 (USCN Life Science Inc., Wuhan, China) and IgA (Cusabio Biotech Co., Wuhan, China). The plasma concentrations of C-reactive protein (CRP) and adiponectin (ADP) were determined using validated chicken enzyme immunoassay kits (Chicken C-Reactive Protein ELISA Kit, Cloud-Clone Corp. and Chicken TNF-alpha ELISA Kit, BlueGene, respectively).
Statistical Analysis
For a statistical analysis of performance parameters, a single pen (n = 8) was considered as a replicate experimental unit. For the analysis of biochemical and antioxidant parameters of tissues, individual birds were considered as experimental units. The analysis of biochemical and antioxidant parameters of blood plasma was performed on 48 birds representing 8 replications from each of 6 experimental groups (one bird representing average BW±15% per pen). Two-way ANOVA (STATISTICA 10.0 software) was applied to assess the effects of two Met dietary levels (recommended by NRC or increased by approx. 50%), different Met sources (DLM, LM, MHA), and the interaction between the experimental factors (Met level × Met source). When ANOVA indicated significant interaction effects, means were evaluated using Duncan's multiple range test. Data were checked for normality before statistical analyses were performed. Data are presented as means ± SEM, and the value of P < 0.05 was considered statistically significant. Standard error of the mean (SEM) was estimated by dividing the standard deviation by the square root of replication number, n = 48.
RESULTS
Effect of Dietary Met Levels
Over 16 wk of the experiment, different dietary Met levels had no effect on DFI (Table 3) . Increased dietary Met content resulted in higher final body weights of turkeys (P = 0.002) and a lower FCR (P = 0.049).
Most of the analyzed plasma parameters, including lipid profile (TC, HDL-C, and LDL-C), liver profile (AST, ALP, GGT, and LDH), and kidney profile (CREAT and UC) were not affected by dietary Met levels (Table 4) . Turkeys fed diets with higher Met content were characterized by lower plasma concentrations of GLU (P < 0.001) and TAG (P = 0.005), higher ALT activity (P = 0.001), and a tendency towards higher TP levels (P = 0.052).
Increased Met content improved selected parameters of the blood redox status (Table 5) . The higher Met level led to higher SOD activity (P < 0.001) and higher vitamin C concentration (P = 0.002), but had no influence on the activities of GPx and CAT. Turkeys fed diets with higher Met content were characterized by higher plasma concentrations of GSH+GSSG, higher FRAP values, and lower MDA levels (all P < 0.001).
No differences in SOD activity or the concentrations of vitamin C, MDA, or LOOH were found in small intestinal homogenates or in the liver of turkeys fed diets (Table 6 ). The Met content of turkey diets had no influence on the plasma concentrations of CRP and ADP, but it affected IgA and IL-6 levels ( Table 7) . Increased dietary Met content decreased IgA levels and increased IL-6 levels in the blood plasma of turkeys (both P < 0.001).
Effect of Dietary Met Sources
Throughout the experiment, dietary Met sources had no effect on the analyzed growth performance parameters of turkeys (Table 3) , the plasma concentrations of TC, HDL-C, LDL-C, or CREAT, or the activities of AST, ALT, GGT or LDH (Table 4 ). In comparison with DLM, LM and MHA led to a decrease in the plasma concentrations of TP and TAG (both P = 0.003), ALP activity, and UC levels (both P = 0.001). Significant differences were noted in the concentrations of GLU (DLM and MHA > LM, P = 0.001) and ALB (DLM > MHA, P = 0.008). A significant Met dosage x source interaction was observed for selected biochemical parameters (GLU, TP, ALB, TAG, and UC) because the higher DLM level (and the higher MHA level in the case of GLU and TG) decreased their plasma concentrations, whereas the other 2 Met sources did not exert such an effect (Table 4) .
In comparison with DLM, MHA led to a decrease in SOD activity (P = 0.011), an increase in GSH+GSSG concentrations (P = 0.001), and a decrease in MDA and LOOH levels in the blood plasma of turkeys (P = 0.016 and P = 0.001, respectively) ( Table 5 ). The addition of LM to turkey diets resulted in higher GSH+GSSG concentrations and comparable values of the remaining blood redox parameters, compared with DLM. A Table 4 . Blood biochemical parameters of turkeys fed diets with different sources and content of methionine. GLU -glucose, TP -Total protein, ALB -Albumin, TAG -triacylglycerols, TC -total cholesterol, HDL-C -HDL fraction of TC, LDL-C -LDL fraction of TC, UC -Uric acid, AST -aspartate aminotransferase, ALT -alanine aminotransferase, GGT -gamma-glutamyl transferase, CREATcreatinine, ALP -alkaline phosphatase, LDH -lactate dehydrogenase.
a-c The mean values within a column with different superscript letters were significantly different (P < 0.05) SOD -superoxide dismutase, GPx -glutathione peroxidase, CAT -catalase, Vit. C -vitamin C, GSH+GSSG -total glutathione, FRAP -total antioxidant potential, MDA -malondialdehyde, LOOH -lipid peroxides.
a-c The mean values within a column with different superscript letters were significantly different (P < 0.05) significant Met dosage by source interaction was observed for FRAP because higher dietary levels of DLM and MHA increased plasma FRAP values, whereas LM had no such an effect. The activity of SOD in small intestinal homogenates varied depending on dietary Met sources, as follows: DLM > LM > MHA (P < 0.001) ( Table 6) . A significant Met dosage x source interaction was noted for CAT activity because the higher MHA level, unlike DLM and LM, did not increase CAT activity. No differences were found in MDA concentration, whereas LOOH levels in the small intestine were higher in turkeys fed LM-supplemented diets, compared with the other Met sources.
Among the analyzed parameters of the liver redox status, similar levels of vitamin C, LOOH, and SOD activity were noted regardless of dietary Met source (Table 6) . A significant Met dosage x source interaction was observed, indicating that SOD activity did not depend on DLM content, whereas an increase in LM and (Table 7) . Plasma IgA levels were significantly lower in turkeys fed MHA-supplemented diets, and significantly higher in birds receiving DLM and LM (P < 0.001). A significant Met dosage x source interaction was noted because higher levels of DLM and MHA significantly decreased plasma IgA concentrations, whereas LM did not exert such an effect.
DISCUSSION
Effect of Dietary Met Levels
Methionine-deficient diets have been found to decrease the growth performance of young birds, as compared with diets supplemented with synthetic Met in accordance with the NRC (1994) recommendations (Bouyeh, 2012; Yodseranee and Bunschak, 2012) . In our earlier study (Kubińska et al., 2015) , dietary Met content increased by around 25% above the NRCrecommended levels contributed to higher body weights in young turkeys (one to 8 wks of age). In other experiments (Kubińska et al., 2016; Jankowski et al., 2016a Jankowski et al., , 2016b involving both younger (one to 8 wks of age) and older (12 to 16 wk) turkeys, neither BWG nor FCR improved in response to increasing dietary Met levels above those recommended by NRC (1994). In Table 7 . Plasma levels of immunoglobulin A (IgA), interleukin 6 (IL-6), C-reactive protein (CRP), and adiponectin (ADP) in turkeys. a-c The mean values within a column with different superscript letters were significantly different (P < 0.05) the present study, the higher dietary Met level (approx. +40% relative to the NRC recommendations) led to higher final body weights of turkeys and a lower FCR, as compared with control group birds fed in accordance with the NRC (1994) recommendations. In the complete turkey production cycle, in contrast with a short (8-week) feeding period (Kubińska et al., 2016; Jankowski et al., 2016a Jankowski et al., , 2016b , increased dietary Met content had a beneficial influence the on the growth performance of birds. This is consistent with the findings of Lemme et al. (2005) in whose study diets with graded Met levels, at 90, 100, and 120% of B.U.T. (2000) recommendations, contributed to a linear increase in the BWG of turkeys until 20 wk of age.
In the present experiment, diets with higher Met content decreased the plasma concentrations of glucose and TAG, and tended to decrease protein levels. In many studies, Met-supplemented diets had no significant effect on blood biochemical parameters (Maroufyan et al., 2010; Kubińska et al., 2014 Kubińska et al., , 2015 , including total protein (Hadinia et al., 2014; Wen et al., 2014) . In an experiment performed on broiler chickens (Nori et al., 2011) , serum glucose, TC, and LDL-C levels decreased linearly with increasing dietary Met content. In our previous study (Jankowski et al., 2016a) , an increase in BWG and a decrease in total plasma protein were noted in turkeys fed diets with Met content exceeding NRC (1994) recommendations. A tendency towards lower total plasma protein levels, as well as lower plasma concentrations of glucose and TAG, also were observed in our study in turkeys fed diets with increased Met content and characterized by higher body weights. This could suggest that in heavy-type turkeys, blood nutrient reserves decrease because they are more readily utilized for growth. A faster growth rate of birds is also associated with enhanced plasma activity of ALT, an enzyme involved in numerous processes, including amino acid transamination in the liver. Hepatic ALT activity is elevated (Kim et al., 2008) , and enhanced hepatic metabolism may lead to an increase in blood ALT levels.
In an experiment performed on broiler chickens (Nori et al., 2011) , increasing dietary Met levels caused a decrease in LDL-C and an increase in HDL-C. Such an atherogenic effect of dietary Met was previously reported in the ApoE-deficient mouse model (Troen et al., 2003) . In our study, turkey diets with an increased Met content did not lead to significant differences in the plasma levels of TC, LDL-C, or HDL-C, but caused a significant decrease in plasma TAG concentrations.
In the present study, the higher Met level improved the analyzed indicators of the redox status, including SOD activity, GSH+GSSG, and MDA concentrations, and FRAP values. Increased SOD activity accompanied by stable or decreased PGX and CAT activities, could point to the stimulation of enzymatic defense mechanisms (Ognik and Krauze, 2016) . The decrease in MDA levels, noted in our experiment, was indicative of lower amounts of lipid peroxidation end products. This is consistent with the results of studies investigating broiler chickens Chen et al., 2013) and turkeys (Kubińska et al., 2016; Jankowski et al., 2016a Jankowski et al., , 2016b , in which increasing dietary Met levels inhibited oxidative processes in the blood. However, Shen et al. (2015) demonstrated that chickens fed a basal diet had higher levels of total antioxidant capacity and lower levels of protein carbonyl and MDA, compared with chickens fed diets supplemented with crystalline Met. According to the cited authors, this could result from decreased concentrations of UC, which is an effective antioxidant, in the blood of chickens fed Met-supplemented diets. Increased UC production in the liver of chickens could result from dietary amino acid imbalance (Donsbough et al., 2010) . In our experiment, increased UC concentrations were observed only in turkeys fed a diet supplemented with DLM at the lower level.
The FRAP assay measures ferric to ferrous ion reduction and reflects water-soluble antioxidants in plasma (Yeum et al., 2004; Vossen et al., 2011) , which indicates that the changes in FRAP values noted in our study could result from different dietary Met levels.
According to estimates, one-third of the dietary intake of essential amino acids is removed in first-pass metabolism by the intestine (Stoll et al., 1998) . Approximately 20% of dietary Met intake is transmethylated to homocysteine and trans-sulfurated to cysteine, which participate in the synthesis of glutathione, a major cellular antioxidant (Bauchart-Thevret et al., 2009 ). Thus, the potential effect of increasing dietary Met levels on the intestinal redox status seems interesting. In a study by Shen et al. (2015) , increased dietary Met content, close to the recommendations of Aviagen (2007) , increased total antioxidant capacity and decreased MDA concentration in the duodenal mucosa of chickens, relative to the Met-deficient diet. In another experiment , in which dietary Met content was increased from 60 to 75 and 90% of NRC requirements of turkeys, MDA concentration decreased in the duodenal mucosa of turkey poults, compared with the lowest Met level. In our experiment, increased dietary Met content had no influence on MDA or LOOH concentrations, but decreased CAT activity in the blood plasma of turkeys.
The results of many experiments (Németh et al., 2004; Chen et al., 2013; Shen et al., 2015) indicate that increased dietary Met levels contribute to an increase in glutathione concentration in broiler chickens. The results of our earlier study (Kubińska et al., 2016) , which examined younger turkeys, suggest that diets supplemented with Met at levels that matched or were slightly lower than B.U.T. (2012) recommendations exerted antioxidant effects, whereas diets with higher Met concentrations could have pro-oxidative effects. In the present study, increased dietary Met content did not lead to changes in the analyzed indicators of hepatic redox status in turkeys, including SOD activity and the concentrations of vitamin C, MDA, and LOOH. However, enhanced CAT activity was noted. An increase in CAT activity is usually associated with advanced lipid peroxidation (Surai, 2016) , accompanied by increased concentrations of LOOH or MDA. In our study, the increase in CAT activity was not accompanied by changes in the levels of the remaining parameters of hepatic redox status.
The findings of other authors (Tsiagbe et al., 1987; Wu et al., 2012) indicate that dietary Met can be a major contributor to the synthesis of immune system proteins, including IgA, the most abundant immunoglobulin. The above studies and research results, summarized in a review article by Jankowski et al. (2014) , indicate that Met could act as a nutritional immunomodulator in poultry diets. Such an effect was not observed in our study. Increased dietary Met content caused a decrease in plasma IgA concentrations.
In the present study, an increase in plasma IL-6 levels was noted in turkeys fed diets with higher Met content. According to some authors (Scheller et al., 2011) , IL-6 is the most important cytokine responsible for the activation of B cells. This multifunctional cytokine plays a major role in regulating immune responses, acute phase reactions, and hematopoiesis (Schneider et al., 2001) , and elevated levels of IL-6 have been reported in chronic inflammatory conditions. In our experiment, dietary Met content had no effect on the plasma levels of CRP or ADP in turkeys.
Research shows that CRP levels in the blood increase in response to inflammation, infection or tissue damage (Pepys and Hirschfield, 2003) , and the process can be induced by heat stress in poultry (Sohail et al., 2010) . Adiponectin is a cytokine hormone, originally found to be expressed in several tissues in the chicken, which influences glucose utilization, insulin sensitivity and energy homeostasis (Maddineni et al., 2005) . A study of humans revealed that diets with high antioxidant capacity are related to increased ADP levels (Detopoulou et al., 2010) . Such a relationship was not observed in our experiment with turkeys. Based on the cited literature, it can be concluded that similar plasma levels of CRP and ADP, noted in our study, resulted from homeostasis, irrespective of decreased IgA levels and increased IL-6 levels in birds fed diets with higher Met content.
Effect of Dietary Met Sources
The results of previous studies investigating the effect of Met sources on the growth performance of broiler chickens are contradictory and inconclusive. In some experiments, the growth performance of chickens was similar when their diets were supplemented with DLM or MHA Willemsen et al., 2011) . In other experiments, dietary MHA contributed to a lower FCR and dietary LM led to higher BWG and feed efficiency than DLM (Shen et al., 2015) . Park et al. (2016) demonstrated that 28-day-old turkeys fed MHA-supplemented diets for 4 wk tended to have improved FCR compared with birds receiving DLM. In our study, which analyzed the entire turkey production cycle, dietary Met sources had no influence on the growth performance of birds.
In the present experiment, various Met sources in turkey diets led to minor differences in blood biochemical parameters. Turkeys receiving LM and MHA were characterized by similar blood biochemical parameters except lower glucose levels in the MHA group. In comparison with DLM, both alternative Met sources resulted in lower plasma levels of TP, TAG, and UC, and lower ALP activity. To the best of our knowledge, this is the first study to investigate different dietary Met sources on the blood biochemical parameters of turkeys. In a few experiments with broiler chickens, MHA added to diets as a substitute for DLM did not affect UC or CREAT levels or increase UC concentrations .
According to previous research Willemsen et al., 2011) , MHA exerted a more significant antioxidant effect than DLM in broiler chickens. In our study, diets in which DLM was replaced with MHA increased GSH+GSSG concentrations and decreased MDA and LOOH levels in the blood plasma of turkeys. FRAP values increased significantly with increasing dietary Met levels regardless of Met source.
In a short-term experiment, Park et al. (2016) demonstrated that LM, compared with DLM, could potentially reduce systemic oxidative stress in young turkeys (one to 4 wk of age). In our study, this was not confirmed by improved parameters of the redox status in the blood plasma and small intestinal homogenates of turkeys in the last stage of fattening. The antioxidant effects of LM and MHA, compared with DLM, were reflected in lower hepatic MDA levels.
In some experiments, changes in the redox status in poultry were analyzed based on the activities of antioxidant enzymes in the blood, including SOD and PGx, but the findings were inconsistent: Higher dietary Met levels enhanced serum SOD activity, decreased PGx activity (Chen et al., 2013) , increased GPx activity, had no influence on plasma SOD activity (Kubińska et al., 2016) , or had no linear effect on SOD activity (Jankowski et al., 2016a) . In the present study, turkeys fed MHA-supplemented diets were characterized by lower plasma SOD activity than birds fed diets containing DLM or LM. In comparison with DLM, LM and MHA caused a nearly significant increase in plasma PGx activity and a decrease in SOD activity in small intestinal homogenates. The activities of SOD and CAT in small intestinal and liver samples varied in response to different dietary Met levels and sources, and the observed differences were difficult to interpret.
In some experiments, the supplementation of chicken diets with vitamin E to increase the levels of dietary antioxidants increased the serum concentrations of IgA and improved the immune responses of birds (Muir et al., 2002) . In our study, diets supplemented with MHA, particularly at the higher inclusion level, decreased the plasma concentrations of IgA, in comparison with DLM and LM. No changes were observed in the levels of inflammatory markers such as IL-6, CRP, or ADP.
The following conclusions can be drawn from the present study: Both dietary Met levels and sources are potent factors affecting the antioxidant status of turkeys. The dietary Met content increased by 50% relative to NRC recommendations (1994) improved the growth performance of turkeys and strengthened their antioxidant defense system. In comparison with DLM, the most commonly used MET source in poultry diets, LM and MHA could be considered positive nutritional factors as manifested by a beneficial decrease in plasma and hepatic MDA concentrations as well as an increase in plasma glutathione levels; in this regard, the effect of MHA was more pronounced.
